Background: Cerebrovascular disease is a cause of morbidity in HIV-infected populations. The relationship among HIV infection, brain arterial remodeling, and stroke is unclear.
With the advent of effective combination antiretroviral therapy (cART), individuals with HIV live longer, but there remains an increased prevalence and incidence of stroke among HIV1 patients compared to the general population. [1] [2] [3] Whether this simply reflects general increases in systemic arterial disease seen in aging with HIV or a more complex array of factors specific to the cerebral circulation is unclear.
A still unanswered question is whether HIV per se is independently associated with vasculopathic changes. There is evidence to consider HIV infection as proatherogenic. 4 However, there also exist data supporting a nonatherosclerotic dolichoectatic arterial phenotype in individuals with HIV, characterized by dilation and tortuosity of cerebral and systemic large arteries. 5, 6 Atherosclerosis and dolichoectasia may represent extremes in the brain arterial remodeling continuum. 7 Investigating the relationship between brain arterial remodeling and the presence of brain infarcts among HIV1 patients may help in targeting specific therapies to curb the rise of cerebrovascular disease in this population.
The goal of this analysis was to investigate whether brain arterial remodeling differs among HIV1 cases compared to age-and sex-matched uninfected controls, and to test the hypothesis that these markers of brain arterial remodeling are associated with the presence of brain infarcts in HIV1 cases.
METHODS Arterial specimens were obtained from the Brain Arterial Remodeling Study collection, itself formed from 4 brain banks or tissue collections. 8 For this analysis, patients with HIV (n 5 142) were matched by age (63 years) and sex to HIV-uninfected controls. The majority of patients with HIV (N 5 137) came from the Manhattan HIV Brain Bank (MHBB, S. Morgello, PI). The MHBB has 2 sources of donors: the majority are enrolled while alive and followed prospectively, while a smaller number are obtained at the time of autopsy and clinical information obtained through review of the medical record. Cardiovascular disease (CVD) was defined by history of stroke (any), myocardial infarction, coronary artery disease, angina, or peripheral artery disease. Brain infarcts were defined by autopsy as a focal cavity corresponding to a vascular territory. The presumed etiology of brain infarct was obtained retrospectively from chart review and autopsy findings and attributed by consensus between a neuropathologist (senior author) and a vascular neurologist (first author; see e-Methods on the Neurology ® Web site at Neurology.org).
For the histopathologic evaluation of brain large arteries, the circle of Willis or part of it was extracted from available formaldehyde-fixed brain tissues. Five-millimeter segments were cut from the proximal and distal portion of each available large brain artery and embedded in paraffin. Six-micron-thick sections were cut for hematoxylin & eosin and elastic Van Gieson stains. The variables of interest for this analysis were as follows: lumen diameter, media thickness, lumen-to-wall ratio (LWR, calculated as lumen diameter [numerator]: thickness of the arterial wall [denominator]), degree of stenosis, the presence of internal elastic lamina (IEL) fragmentation (or gaps), IEL duplication, arterial calcifications, atherosclerosis, and dolichoectasia. We considered LWR a continuous measure of arterial remodeling with a small LWR indicative of inward remodeling and a large LWR indicative of outward remodeling. We used atherosclerosis and dolichoectasia as nonoverlapping extremes of remodeling. We defined atherosclerosis as the presence of at least a clearly defined atheroma with a fibrotic cap (see e-Methods). Dolichoectasia was defined solely by an arterial size-adjusted LWR .2 SD for each sex obtained from this sample. Since sex is one of the major determinants of brain arterial diameters, we obtained the distribution of each arterial segment by sex to obtain the cutoffs for dolichoectasia. 8 None of the arteries classified as dolichoectatic had concurrent evidence of atherosclerosis. We considered HIV vasculopathy a form of secondary dolichoectasia, given that the radiographic appearances of dolichoectasia in non-HIV cases and in those with HIV vasculopathy are indistinguishable, and because both conditions are indicative of extreme outward remodeling. 6, 7, 9 Standard protocol approvals, registrations, and patient consents. Institutional review board approval and patient consent were obtained by each of the cited brain collections at their respective institutions.
Statistical analysis. Differences in the proportions of demographic and clinical characteristics among groups were compared with Student t test and x 2 as indicated. Multivariate logistic regression was performed to assess independent associations of demographic and clinical characteristics with HIV and to obtain odds of association and their 95% confidence intervals (CIs). To enable a fair comparison among arteries with different sizes and locations, we adjusted all analyses for arterial size, number of arteries per case, and the type of arteries included in each case. 8 Additionally, media and wall thicknesses as well as LWR were normalized with log transformation. First we investigated whether brain large arteries from cases with HIV had different characteristics compared to the age-and sex-matched HIVnegative controls with 3 statistical models controlling progressively for demographics and vascular risk factors. Then Table 1 Characteristics of the sample studied by HIV status we assessed whether any of these characteristics would be associated with the presence of cryptogenic brain infarcts in HIV1 cases. Finally, we assessed for associations among demographic, clinical, and pathologic variables with the 2 main arterial phenotypes studied in this study: atherosclerosis and dolichoectasia. We used multilevel mixed models with random effects for continuous variables and generalized linear models with a Poisson distribution and log link for categorical variables. Statistical significance was set at a p value of #0.05 and statistical interactions were considered significant at a p value of #0.10. The analysis was carried out with SAS software, version 9.2 (SAS Institute Inc., Cary, NC HIV as a predictor of brain arterial phenotypes. Compared with HIV2 cases, brain large arteries from HIV1 cases had a thicker media and thicker arterial walls with smaller LWR, suggesting a predisposition for inward remodeling. These associations became apparent only after adjustment for demographics and vascular risk factors. Arterial stenosis was also higher among cases with HIV, but it did not reach statistical significance. There was no difference in the rate of arterial calcification by HIV status (table 2) . Brain infarcts among patients with HIV. Thirty out of 142 cases with HIV (21%) had brain infarcts. Among these 30 cases, 7 had embolic sources (3 with bacterial endocarditis, 3 with dilated cardiomyopathy or intracavitary thrombus, and 1 with an aortic abscess after prostatic aortic valve replacement), 5 had brain opportunistic infections (2 cytomegalovirus, 2 cryptococcus, and 1 HIV leukoencephalopathy), 3 had disorders of coagulation (1 antiphospholipid syndrome, 2 disseminated intravascular coagulation due to cancer or sepsis), 7 had atherosclerosis in the brain arteries supplying the region of their infarcts (and thus attributed to intracranial atherosclerosis), and 8 were cryptogenic. The only arterial measure associated with cryptogenic brain infarcts was a higher LWR, suggestive of outward remodeling (figure). This reported association was significant even after controlling for demographic and vascular risk factors (table 3) .
Predictors of brain large artery atherosclerosis and dolichoectasia among patients with HIV. Intracranial large artery atherosclerosis among patients with HIV was associated with aging, diabetes, a higher CD4 count at death, and a low nadir CD4, whereas dolichoectasia was associated with smoking, a thinner media, and a protracted (increased duration of) HIV infection. A trend was also noted for protease inhibitor use and dolichoectasia (p 5 0.059). All of these associations were independent of demographic, clinical, immunologic, and pharmacologic variables (table 4) . We investigated statistical interactions post hoc. Intracranial atherosclerosis was more common among individuals who had both hypertension and diabetes (p 5 ,0.001), or in individuals with diabetes (p 5 0.04) or hypertension (p 5 0.05) who used protease inhibitors. In contrast, dolichoectasia was more likely among individuals with a protracted HIV infection who also remained immunosuppressed during antemortem follow-up (p 5 0.07) or who had detectable viral loads at death (p 5 0.02). DISCUSSION In this cART-era autopsy sample, large brain arteries from HIV1 individuals had thicker arterial walls, thicker media, smaller LWR, and a trend for greater degrees of arterial stenosis than age-and sex-matched HIV-negative controls, independent of vascular risk factors. These findings suggest that in aggregate, in the cART era, some aspect of HIV infection promotes inward arterial remodeling when compared to uninfected individuals. The pathologic consequences of inward remodeling and of its most feared phenotype, atherosclerosis, are not minimal. In this sample, 1 out of 4 brain infarcts had no apparent cause other than large artery atherosclerosis, highlighting the importance of the noted association between HIV and markers of inward remodeling. In contrast, among HIV1 individuals with unexplained infarcts, an increased LWR (indicative of outward remodeling) was the only predictor of Table 3 Arterial characteristics associated with cryptogenic brain infarcts among patients with HIV Model 0: Adjusting for interadventitial diameter, arteries studied per case, and artery location. Model 1: Model 0 plus age, sex, and ethnicity. Due to collinearity among wall thickness, lumen-to-wall ratio, and stenosis, we kept only lumen-to-wall ratio because it was the predetermined variable used in this study to define cerebral arterial remodeling. a p # 0.05. the presence of these infarcts. Consequently, half of the HIV1 individuals who had brain infarcts were associated with extreme phenotypes of arterial remodeling, i.e., atherosclerosis and dolichoectasia. The implications of these observations are that an increased risk of stroke in HIV may emerge from divergent intrinsic cerebrovascular biologies, and that focus should be placed on finding ways to distinguish variable mechanisms of disease in this population. A pertinent question arising is thus whether HIV per se plays a role in the development and natural history of atherosclerosis or dolichoectasia, independent of the risks conveyed by the typically highly morbid vascular profile documented in the HIV population. 2, 10 Our results provide some insight into this question. Brain artery atherosclerosis in HIV1 cases was more frequent among older individuals, in those with diabetes, diabetes, and hypertension, and in those who used protease inhibitors in the setting of hypertension or diabetes. This comes as no surprise, as diabetes and hypertension are well-accepted risk factors for large artery atherosclerosis, and protease inhibitors have been linked to myocardial infarction (usually attributed to atherosclerosis) in HIV. 11, 12 A novel finding in our study is that intracranial atherosclerosis was more likely among those with a lower nadir CD4 count and a higher CD4 count at the time of death. Other studies have reported similar association with extracranial atherosclerosis. For example, there is an association between history of an AIDSdefining condition or CD4 nadir ,200 with higher aggregate atherosclerotic vascular disease or a faster progression of extracranial carotid atherosclerosis. 4, 13 Brain arterial (small and large) disease has been reported in up to 76% of HIV-infected patients in a large sample with stroke with median CD4 counts .400 cells/mm 3 and CD4 nadir .200 cells/mm 3 , whereas in samples with more overall severe immunosuppression persistent at the time of stroke, the prevalence of brain arterial disease falls to 30%. 3, 14 The lower prevalence of small and large artery disease infarction in predominantly immunosuppressed samples is similar to the 25% reported in our sample, where the majority of patients had CD4 count ,200 cells/mm 3 as well.
A second novel finding reported here is that the only arterial measure associated with cryptogenic infarcts was an increased LWR. As we have documented previously, a higher LWR implies relative thinning of the wall or enlargement of the lumen that if extreme may cause dilative arteriopathy. 15 Dilation is a cardinal feature of primary and secondary dolichoectasia and may lead to infarction through mechanical traction of penetrating arteries, in situ thrombosis due to stagnant flow, or intramural hemorrhage with obliteration of penetrating arteries. 7, 16 HIV vasculopathy is a form of secondary dolichoectasia, and, except for the clinical context, 5, 6, 17 we know no reliable method to distinguish it from other forms of dolichoectasia. HIV vasculopathy is a diagnosis of exclusion and it accounts for roughly one-fifth of stroke cases in HIV, although its prevalence is probably higher in patients with severe immunosuppression. 6 In this sample, dolichoectasia was more common among those who had HIV for longer periods of time and those who died with unsuppressed viral loads. A thicker media was inversely associated with the presence of dolichoectasia in this sample and thus confirms earlier observations that a thinner media may be a preclinical stage in the development of HIV vasculopathy. 17 Smoking was independently associated with dolichoectasia in this sample. Since smoking is higher in the HIV population than in non-HIV controls, smoking may play an important role in the development of HIV vasculopathy. 18 A role for arterial inflammation is plausible, as arterial specimens from patients with HIV vasculopathy frequently disclose inflammatory infiltrates. [19] [20] [21] Although we lack temporal evidence of acute arterial disease (e.g., plaque rupture or in situ thrombosis in the setting of dolichoectasia) causing an acute brain infarct, the direct observation and thorough pathologic examination for alternative causes of infarcts increases the likelihood that the arterial phenotypes were linked causally to the brain infarcts. Furthermore, we did not make an effort to segregate brain infarcts with lacunar appearance from those attributed to large artery disease because we considered both pathologies as part of the spectrum of endothelial disease, as supported by research published by other groups. 22 The strengths of this report include its large sample size, the systematic processing of arteries with good reliable methods, as well as the comprehensive antemortem characterization of HIV-positive individuals carried out by the MHBB. The results from this analysis should be interpreted with caution when compared to the general population with HIV in the United States and to that of other countries that might not share the same demographics. A further limitation includes the lack of biomarkers of remodeling that may be used to screen living individuals with HIV and that could shed light into the pathophysiology of atherosclerosis and dolichoectasia. Additionally, although this report encompasses one of the largest collections of brain arteries in donors with and without HIV, it is still possible that we were underpowered to confirm the statistical significance of some of the associations reported.
We found that large brain arteries from donors with HIV were more likely to have evidence of inward remodeling. Inward remodeling progression leads to arterial stenosis and atherosclerosis, which in this sample accounted for one-fourth of the brain infarcts in HIV1 cases. Intracranial large artery atherosclerosis was more common among those with low nadir CD4 count and higher CD4 counts at death, suggesting a role for the immune system in the development of atherosclerosis. Outward remodeling, expressed as a higher LWR, was the only arterial phenotype associated with cryptogenic infarcts. Dolichoectasia, an extreme manifestation of outward remodeling, was more common among patients with a protracted HIV infection and with high viral loads at death. Thinning of the media may be a prerequisite to further dilation of the vessels. Studying the mechanisms underlying these divergent arterial phenotypes may offer novel insights into brain arterial remodeling leading to stroke in the general population and in particular among those with HIV.
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